The pathogenic pollution of Durban's beaches is reviewed on the basis of local and international guidelines by analysing concentrations of indicator microorganisms (E.coli and Enterococci). The average water quality is generally acceptable according to South African guidelines, but assessments based on international guidelines indicate poor water quality at many beaches during some seasons (especially summer). The reason for this inconsistency is the absence of any Enterococcus criteria in the SA guidelines, which was found to be particularly significant when the pollution loadings are relatively low. Epidemiological studies (e.g. Prüss, 1998) have found Enterococcus to be a more sensitive indicator of pathogenic pollution in marine environments. It is therefore recommended that SA guidelines be updated to incorporate Enterococcus as the preferred indicator of pathogenic pollution in marine waters.
Introduction
Durban is situated on the East Coast of South Africa where the subtropical climate makes the beaches a popular destination for marine recreational activities. Pathogenic pollution of beach waters can have serious social and financial implications by having negative impacts on public health and the tourism industry. Pathogens are any organisms, microorganisms, or virus that can cause disease. The dominant source of pathogenic pollution is human faecal discharges that enter the water body through stormwater or river discharges.
The aims of this paper are therefore to:
1. Report the outcome of beach water quality assessments according to local and international guidelines, identifying any inconsistencies. The direct identification and enumeration of pathogens in water bodies can be difficult and costly. Therefore indicator microorganisms are used to identify and quantify the presence of pathogens. The two indicators most widely used are Escherichia coli (E.coli) and Enterococcus.
2. Make recommendations on improving current SA marine water quality guidelines based on the comparison with international standards.
Durban's Beaches and Pollution Sources Water quality monitoring
A local government department, eThekwini Municipality Water and Sanitation (EMWS), is responsible for monitoring water quality in the Durban area. EMWS sample the water from beaches, stormwater drains, and rivers in the Durban Bight between the port entrance in the south and the Umgeni River mouth in the north (see Figure 1 ). The samples are analysed using standard methods (Clesceri et al, 1992 ) that enumerate the presence of indicator microorganisms with the counts reported as colony forming units per 100ml of water (CFU/100ml). The beaches from Addington to Laguna Beach ( Figure 1 ) are designated bathing beaches. Vetches beach is utilised for other full contact recreational activities (e.g. diving, boating). Umgeni South Beach is used primarily for non-contact activities (e.g. fishing) while Laguna is used for jet-ski and kite-boarding activities. The beaches from Addington to Battery are of special concern since they are used extensively for public bathing and support the hotels and tourist activities that are situated in the area. Epidemiological studies have shown that Enterococcus is a better indicator of pathogenic pollution in the case of marine environments (Fattal et al., 1983 , Prüss, 1998 .
with the E-coli data. Wedge Beach is an exception as it has only been sampled from June 2000 (both E.coli and Enterococcus).
Nearshore Pollution Sources
The recent study by Mardon (2003) has shown that discharges from the Umgeni River and six stormwater drains (SWD) are the main sources of pathogenic pollution to the beaches (see Figure 1) . The catchment areas of the six stormwater drains are given in Table 1 . Hospital  1750  260  750  2950 5250  Rutherford  3000  11000  5500  0  3250  West  1000  1500  330  950  1000  Somtseu  3500  4400  2000  2000 2250  Argyle  23000 36000  30000 4650 80000  Walter Gilbert 5500  11600  5750  3900 5900  Umgeni River 2300  2500  2150  3000 2000   TABLE 3  95 th Percentile E. The statistics in Tables 2 and 3 indicate that E.coli concentrations in the stormwater drains are on average higher, and have greater variability, during spring and summer months. Durban has a summer rainfall climate, so the pollution loads in the stormwater are expected to be somewhat higher during spring and summer. Median E.coli concentrations in the Umgeni River are more consistent over the seasons but 95
th percentile values are highest in autumn. Argyle SWD has the highest E.coli concentrations both annually and seasonally. It also has the second largest catchment area (Table 1 ) which combined with high average E.coli concentrations, make it the most significant source of pathogenic pollution amongst the stormwater drains.
Umgeni River has lower E.coli concentrations than the stormwater drains but a much larger average flow rate. It is therefore potentially the highest overall source of pathogenic pollution for the nearshore region.
Review of Water Quality Guidelines
Our analysis of beach water quality along the Durban Bight utilised three water quality guidelines:
1. South African Water Quality Guidelines for Coastal Marine Waters (DWAF, 1995) 2. Ambient Water Quality Guidelines for Bacteria (US EPA, 1986 ) 3. 2002 EU Bathing Water Quality Directive (COM, 2002 Each of these guidelines is briefly summarised in the sections below. The scientific information underpinning the specification of specific pollution limits (e.g. the estimation of health risks from epidemiological studies) can be found in the guideline documents themselves or in references cited therein. For the purposes of the present discussion it is assumed that any exceedance of a specified guideline limit would expose users to an unacceptable health risk, according to the guideline concerned. The precise definition of "unacceptable health risk" is beyond the scope of our research. However, comparing evaluations based on each of the three guidelines does at least provide a consistency check.
South African Marine Recreational Guidelines
South African water quality (SA WQ) guidelines consider only E.coli as an indicator of pathogenic pollution (DWAF, 1995) . For full and intermediate contact recreational waters, the following two limits for enumerated E.coli are specified:
1. Less than 20% of samples to exceed 100 CFU/100ml 2. Less than 5% of samples to exceed 2000 CFU/100ml The guidelines do not set limits for Enterococcus concentrations, nor do they specify a sampling frequency.
US EPA Water Quality Guidelines
The United States Environmental Protection Agency (US EPA) guideline for recreational waters (US EPA, 1986) stipulates two criteria for both fresh and marine (full body contact) recreational waters.
The first criterion is that the geometric mean (GM) of a "statistically sufficient" number of samples (defined as usually more than 5 samples equally spaced over a 30-day period) should not exceed a limiting value set for the specific indicator microorganism. The second criterion is a single sample limit (SSL) which should not be exceeded by any sample. The SSL is set by equation (1) using the GM limit and a factored log standard deviation value that depends on the type of bathing use.
(1) The log standard deviation should be determined from a sampling record where possible, but default values of 0.4 for freshwater (E.coli and Enterococcus) and 0.7 for marine water (Enterococcus) are recommended where the sampling history is limited. The appropriate scaling factor in equation (1) is specified as a one-sided confidence limit (CL) with a probability value specific to the beach use, as follows:
1. Designated bathing use: 75% 2. Moderate use for bathing: 82% 3. Light use for bathing: 90% 4. Infrequent use for bathing: 95%
In the case of freshwater, the EPA specifies that the GM for E-coli should not exceed 126 CFU/100ml, and/or for Enterococcus should not exceed 33 CFU/100ml. In the case of marine waters, the EPA give a GM limit of 35 CFU/100ml for Enterococcus but do not specify an E-coli limit since they no longer use it as an indicator for marine environments.
Prior to 1986 the EPA used a faecal coliform GM limit of 200 CFU/100ml with an upper single sample faecal coliform limit of 400 CFU/100ml.
EU Bathing Water Directive
The EU guidelines (COM, 2002) specify two 95 th percentile limits for E.coli and Enterococcus in bathing waters. They are referred to as "guide" and "obligatory" limits (see Table 4 ). 
The 95 th percentile values for E.coli and Enterococcus are then used to classify the water quality as follows:
1. If either are higher than their obligatory values then the bathing water is classified as "Poor" 2. If both are equal to or less than the obligatory value then the bathing water is classified as "Good" 3. If both are equal to or less than the guide value then the bathing water is classified as "Excellent" The EU guideline procedure is based on the assumption that indicator concentrations are log-normally distributed. This assumption has been found to be a good approximation for Durban's beaches (Mardon, 2003) .
The EU guidelines are consistent with the recently updated World Health Organisation guidelines (WHO, 2001 ).
Analysis of Durban Bathing Beaches

SA Marine Recreational Guidelines Analysis Methods
Both annual and seasonal (as defined above) exceedance statistics were estimated by the usual method of ranking the data and counting the values above specified limits. Only E.coli data was used in this case since the SA Water quality guidelines are based solely on this indicator.
Analysis Results
The annual exceedance percentages of the SA WQ guideline concentration levels are given in Table 5 and Table 6 .
The summer and autumn seasons usually have the greatest proportion of unacceptable water quality. It can be seen that all beaches from Vetches to Bay of Plenty satisfy both of the SA WQ guideline exceedance levels. The remaining beaches (Battery to Umgeni South) exceed the first guideline value annually and for most seasons, since more than 20% of the samples are greater than 100 CFU/100ml. Umgeni South exceeds the second guideline limit annually and for most seasons, spring being the exception. Battery Beach annually has less than 5% of samples greater than 2000 CFU/100ml, however during summer and autumn this limit is exceeded. Overall Battery Beach is the most problematic bathing beach since it fails both SA WQ criteria during the summer and autumn. North beach, although not failing any of the exceedance criteria annually, exceeded the 100 CFU/100ml guideline value in 18% of summer samples. This should be of concern as bathing beaches are used intensively during the summer holiday period. Bay of Plenty Beach is another beach where the percentage of samples greater than 100 CFU/100ml are only marginally less than the SA WQ limit.
US EPA Water Quality Guidelines Analysis Methods
The GM criteria set by the US EPA guideline indicates that 5 samples per 30-day period are required. The fortnightly sampling of Durban's beaches is too infrequent to meet this requirement. However, the implementation guidance document (US EPA, 2000) states that the guideline should not be interpreted as specifying a minimum number of samples. Rather it is the GM of the samples collected, in conjunction with a single sample maximum, which determines compliance with the water quality criteria, regardless of the number collected. The GM was therefore calculated using 3 samples spanning an approximate 30-day period. The use of fewer samples does however imply a higher statistical uncertainty in the GM estimates.
Since the EPA does not specify E-coli GM limits for marine waters, it was decided to use their freshwater limits in order to check how the WQ assessment depended on the use of different indicator microorganisms.
The application of the EPA SSL guideline requires the stipulation of a "use" category for the beaches. Beaches from Addington to Battery were assumed to be in the "designated bathing" category, while Vetches, Country Club and Laguna were assumed to be in the "moderate use for bathing" category. Umgeni South is not usually used for bathing but was assumed to fall in the "infrequent use for bathing" category in order to assess the risks associated with watersport activities at the beaches adjacent to the river mouth.
Geometric Mean Analysis Results
The results of the beach WQ analysis with respect to the EPA GM guideline limits for freshwater E.coli and marine Enterococcus are shown in Table 7 . Battery beach is again seen to be the most polluted bathing beach, with the EPA GM limits exceeded for approximately one third of the time. An interesting result concerns the difference between the results based on E.coli versus Enterococci for the beaches from Vetches Pier to North. The E.coli GM limit is never exceeded at those locations, whilst the Enterococcus GM limit is exceeded for between 3% and 10% of the time. For the more polluted beaches from Battery to Umgeni, the differences are small. These results support the conclusion (e.g. Prüss, 1998) that Enterococcus is a more sensitive indicator of pathogenic pollution for marine environments, especially at low concentration levels.
Note that E.coli exceedances for the period 1995 -2002 are generally lower than for 1999 -2002. Rather than an increase in the pollution of the beaches, this seems to reflect improvements to the testing methods that were introduced after 1999 (see Jackson et al, 2002) .
Single Sample Limit Analysis Results
Exceedance percentages for the Enterococcus SSL for each "use category" are shown in Table 8 . Summer has the largest percentage of Enterococci SSL exceedances for most beaches. Battery Beach is an exception where the autumn season experiences the largest SSL exceedance. Battery beach also has the largest SSL exceedances of all the bathing beaches (32% in autumn and 27% in summer). Although North beach exceeded the SSL only 6% annually, all these exceedances occurred during summer (27%). Therefore, according to this criterion, North Beach is as polluted as Battery Beach during the summer season.
The percentage of beach observations where both the GM and SSL guidance values for Enterococcus were exceeded are shown in Table 9 .
Battery Beach is again the worst affected designated bathing beach, with the Enterococcus levels annually exceeding both GM and SSL values in 16% of beach samples. All other designated bathing beaches have typically between 1% and 3% annual exceedance of the US EPA WQ criteria. There is a marked difference in the seasonal analysis of the beaches, with summer, and to a lesser degree spring and autumn, having the highest percentage of failures. A significant observation is that during summer, North Beach has the same exceedances as Battery Beach (13%). 
EU Bathing Water Directive Analysis Methods
The 2002 EU bathing water directive states that a 3-year record of sampled indicator concentrations should be utilized for determining the quality of beach bathing waters. The period from November 1999 to August 2002 was analysed. A problem arose using the parametric approach for estimating the 95 th percentile value because a significant proportion of the beach samples were measured as having zero E.coli or Enterococcus counts. The testing method used by EMWS is designed to detect high values that exceed water quality standards, while lower indicator concentrations are not accurately measured. Enterococcus counts were most affected, with beaches from Vetches to Bay of Plenty having 30% -70% of their indictor concentrations recorded as zero. The World Health organisation guideline (WHO, 2001) on which the 2002 EU guidelines are based, states that zero readings should be replaced by a value representing the lowest detectable value (in this case 1 -10 CFU/100ml). However, a large proportion of zero concentrations can make the analysis sensitive to the selected minimum value. Another method suggested by WHO (2001) is to fit a probability density function (PDF) based on the observations and then to use the properties of this PDF to estimate the 95 th percentile. The latter approach was used for this study. The fitted PDF method was found to agree with the parametric approach if values of between 1 and 5 CFU/100ml were used to replace zero counts.
Analysis Results
The 95
th percentile values for E.coli and Enterococcus were categorised according to the 2002 EU WQ criteria limits (Table 4) , a summery of which is shown in Table 10 . The pathogenic indicators, E.coli and Enterococcus, are labelled as EC and EN respectively. The categorised 95
th Percentile values are represented as follows:
1. No entry when less than the guide value 2. A "G" entry when higher than the guide but lower then the obligatory values 3. A "F" entry when higher than the obligatory value. The number preceding the "F" entry indicates the magnitude of the calculated 95
th percentile values as a multiple of the obligatory limit. For example "4F" for E.coli means that the 95 th percentile was approximately 4 times higher than the limit (i.e. 2000 CFU/100ml). Table 10 illustrates the clear distinction in water quality between the heavily polluted beaches (Battery to Umgeni South) and the less polluted beaches (Vetches to Bay of Plenty). It is important to note that for the less polluted beaches, Enterococcus is typically the defining water quality indicator. In most cases the E.coli 95 th percentile values are less than the guide value (250 CFU/100ml) while Enterococcus typically either exceeds the guide (100 CFU/100ml) or obligatory (200 CFU/100ml) limits. Country Club Beach, although exceeding both obligatory indicator limits, is noticeably less polluted than the adjacent beaches (Battery and Laguna Beach).
An overall classification of the beaches according to EU guidelines is given in Table 11 . North beach is the only beach to achieve an overall "Excellent" rating based on annual statistics, while only the beaches from Addington to Bay of Plenty have acceptable pathogenic pollution levels according to EU guidelines. Using seasonal statistics the assessment varies substantially, with Vetches (spring & summer), Addington (winter & spring), North (summer) and Bay of Plenty Beach (summer) having "poor" bathing water quality ratings. The beaches from Battery to Umgeni South have "poor" bathing water quality ratings both annually and seasonally, with the exception of Country Club during spring.
It is noteworthy that during summer, which is the most active bathing period, four of the seven designated bathing beaches have a "poor" water quality rating according to the EU guideline. 
Discussion and Conclusions
A summary of the bathing water quality assessments given by the different guidelines is presented in Table 12 . An "F" entry indicates the failure of the specific guideline criteria, while "-" indicates acceptable pathogenic pollution levels. The SA guidelines are presented as "Criteria 1/Criteria 2" from Table 5 and Table 6 respectively. The US EPA results are taken from Table 9 , where failure is defined as combined exceedances of both GM and SSL criteria for 5% or more of samples. The EU assessment is from Table 11 and failure is defined as a "Poor" EU WQ rating. 
The main findings may be summarised as follows: 1. All beaches from (and including) Battery Beach northwards have water quality unacceptable for bathing according to all three guidelines. 2. On an annual or seasonal basis, all beaches south of Battery have acceptable water quality according to SA guidelines, with no failures of either criteria. 3. On an annual basis, Vetches Beach was found to fail the EU guideline only. 4. On a seasonal basis, the situation is more complex.
Both EU and EPA guidelines are exceeded at North and Bay of Plenty during summer. Vetches and Addington also failed both international guidelines during spring. South fails EPA guidelines (but not EU) during spring and autumn, while Wedge fails during spring.
Therefore, while on the basis of annual statistics the water quality of all except the beaches from Battery northwards are acceptable, the seasonal water quality for 8 of the 10 beaches is currently poor according to international guidelines. The SA marine water quality guidelines are inconsistent with the two international guidelines because of the absence of Enterococcus criteria in the SA limits, which plays a particularly significant role where pollution loadings are low. Based on these results it is recommended that SA marine water quality guidelines be updated to include Enterococcus criteria. As already noted, epidemiological studies have shown Enterococcus to be a more reliable indicator of pathogenic pollution in marine waters (Fattal et al, 1983; Prüss, 1998) .
A detailed investigation into specific causes of the pathogenic pollution at Durban's beaches was beyond the scope of this study. We speculate that informal settlements and/or trading activities in the stormwater drain catchments could be important factors. Battery Beach has a particularly serious water quality problem. Specific causes for this problem have been identified by EMWS (Siobhan Jackson, personal communication) including leakages from sewerage systems into the stormwater system. The problem at Battery Beach appears to have a knock-on effect at adjacent beaches (e.g. North and Bay of Plenty). Mardon (2003 , see also Mardon & Stretch, 2003 used a model to simulate the water quality of the beaches and estimated that an 80% reduction in the median pollution levels of Argyle SWD is required in order to improve the bathing water quality of Battery Beach to acceptable levels. Adjacent beaches (e.g. North and Bay of Plenty) would also benefit from this reduced pollution.
The poor bathing water quality at Umgeni South and Laguna is due to the pollution of the Umgeni River. The size of the river catchment and more diffuse nature of the pollution sources will make this problem more difficult to address and will require an integrated catchment management strategy.
